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The global eradication of poliomyelitis caused by wild-type virus is likely to be completed within the next few
years, despite immense logistic and political difficulties, and may ultimately be followed by the cessation of
vaccination. However, the existing live-attenuated vaccines have the potential to revert to virulence, causing
occasional disease, and viruses can be shed by immunocompromised individuals for prolonged periods of time.
Moreover, several outbreaks of poliomyelitis have been shown to be caused by viruses derived from the Sabin
vaccine strains. The appearance of such strains depends on the prevailing circumstances but poses a severe
obstacle to strategies for stopping vaccination. Vaccine strains that are incapable of reversion at a measurable
rate would provide a possible solution. Here, we describe the constructions of strains of type 3 poliovirus that
are stabilized by the introduction of four mutations in the 5� noncoding region compared to the present vaccine.
The strains are genetically and phenotypically stable under conditions where the present vaccine loses the
attenuating mutation in the 5� noncoding region completely. Type 1 and type 2 strains in which the entire 5�
noncoding regions of Sabin 1 and Sabin 2 were replaced exactly with that of one of the type 3 strains were also
constructed. The genetic stability of 5� noncoding regions of these viruses matched that of the type 3 strains,
but significant phenotypic reversion occurred, illustrating the potential limitations of a rational approach to
the genetic stabilization of live RNA virus vaccines.

Poliomyelitis is caused by poliovirus, a member of the picor-
navirus family that occurs in three serotypes such that immu-
nity to one serotype does not protect against the other two.
The existence of safe and effective vaccines and the absence of
an animal reservoir prompted the World Health Assembly to
adopt a resolution in 1988 committing the WHO to the erad-
ication of poliomyelitis by the year 2000. Although this dead-
line has passed, there has been major progress towards the
goal. The Americas, Europe, and the Western Pacific region,
including China, have been certified free of poliomyelitis
caused by wild-type polio. Endemic transmission is now re-
stricted to Nigeria, India, Pakistan, and Afghanistan, although
in the last few years, several countries that were previously
certified as free of wild-type polio have suffered significant
importations from the remaining reservoirs (http://www
.polioeradication.org/). Eradication has depended on the use
of the live oral polio vaccines (OPVs) originally developed by
Sabin (35, 36), and progress has been such that it is necessary
to consider the strategies for stopping vaccination altogether.

The situation is complicated by a number of factors. First,
the live oral polio vaccine is known to be able to cause polio-
myelitis in rare cases in both vaccinees and their contacts (40).

Second, some hypogammaglobulinemic patients are known to
excrete virus for long periods of time, giving opportunities for
the virus to evolve to transmissible and virulent forms (1, 6, 11,
14, 25, 26). Finally, several outbreaks of poliomyelitis caused
by vaccine-derived strains have occurred. The first outbreak to
be reported happened during 2000 and 2001 in Hispaniola,
which had been certified free of polio in 1994 along with the
rest of the countries in the Americas and which had a vacci-
nation program of declining coverage, leading to the appear-
ance of a vaccine-derived strain which could both cause disease
and transmit readily from person to person (13). Similar out-
breaks in China, Egypt, Madagascar, and the Philippines have
also been reported (15). The ability of the vaccine to evolve to
cause epidemic poliomyelitis given the right selective pressures
is therefore a major threat to the completion of the eradication
program. Furthermore, after cessation of vaccination, there
would be a need to stockpile OPVs for use in outbreaks or
cases of reemergence, and it would be preferable to use a
ring-fencing strategy that would maintain a polio-free world.
This would be difficult to do using strains that can themselves
seed new epidemics. One option would be to develop a novel,
genetically stable vaccine.

Over a period of 20 years, the molecular basis of the atten-
uation of the Sabin strains of poliomyelitis has been studied in
detail (33). For all three serotypes, while mutations in other
regions also have an effect, attenuating mutations have been
identified in the 5� noncoding region (NCR) of the genome, a
highly structured sequence involved in both replication and the
initiation of protein synthesis (38). The attenuating mutations
act to reduce the thermodynamic stability of a particular por-
tion of the structure, designated domain V (Fig. 1), and are
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genetically unstable as the virus replicates in recipients (5, 7,
8). For the type 3 strain, reversion to the wild-type domain V
structure is complete in 2 to 5 days and involves the mutation
of a U at base 472 to a C, changing a weak U-G base pair to a
C-G base pair (Fig. 1). For the type 1 strain, the G-U base pair
involving bases 480 and 525 can mutate to the wild-type A-U
base pair by a mutation of base 480 or to a G-C pair by a
mutation at base 525. In about 10% of isolates, a U-U mis-
match in the type 1 stem changes to a U-A base pair without
other changes but with the same effect on thermodynamic
stability (5, 30).

All three serotypes possess a single mutation in domain V so
that the wild-type structure is easily regenerated by a single
base change. It should be possible to reproduce the differences
in thermodynamic stability of domain V of the vaccine and
wild-type strains by the manipulation of base pairs, replacing
C-G pairs by weaker A-U pairs and eliminating G-U pairs,
which can revert to stronger G-C or A-U pairs by single base
changes. In the resulting structure, simultaneous multiple mu-
tations would be required to restore the wild-type structure.
For instance, an A-U base pair could strengthen to a G-C base
pair only via the weaker and thus less favored G-U pair or via
two simultaneous mutations.

This paper describes the construction of versions of the
Sabin type 3 strain of poliovirus by this strategy. Two strains
are of particular interest, as they have in vitro and in vivo
properties that are very similar to those of the parental vaccine,
differ from it by only four mutations, and are extremely stable
under culture conditions that cause the rapid reversion of the
Sabin strain itself. It is predicted that the strains would be
stable in vaccinees, at least in the absence of potential recom-
bination partners such as the type 1 and type 2 vaccine strains,
which are coadministered in trivalent oral polio vaccines.

Recombination between polioviruses is common. Type 1 and
type 2 strains in which the entire 5� NCRs of Sabin 1 and Sabin

2 were replaced exactly with that of one of the stabilized type
3 strains were also constructed so that the three serotypic
strains would not be able to revert to virulence by intertypic
recombination in the 5� NCR.

MATERIALS AND METHODS

Cells. HEp2C, BGM, and Vero cells were grown in monolayers as described
previously (22). L20B cells (mouse L cells expressing the human poliovirus
receptor) were grown as previously described (31). MRC-5 cells were grown in
monolayers in the same growth medium as BGM cells.

Virus passage. MRC-5, Vero, or L20B cell monolayers in 25-cm2 flasks were
inoculated with viruses at a multiplicity of infection of 10. Infected cell sheets
were incubated in minimal essential medium containing antibiotics but no serum
at 33°C or 37°C until the complete cytopathic effect (CPE) was apparent. Flasks
were frozen at �70°C and thawed, three times, and cell debris was removed by
centrifugation. Supernatants were used for further passage, as described above,
or for biological and molecular analysis.

Construction and recovery of site-directed mutants. Derivation of the hybrid
type 3/type 2 virus Leon/Lansing (L3L2) and construction of L3L2 472/537 UG
and L3L2 472/537 UA have been described previously (20, 38). All mutants listed
in Table 2 were constructed in a similar way. Briefly, subclones of the Leon 5�
NCR in M13 were substrates for mutagenesis using the Mutagene kit (Bio-Rad).
Correct sequences were reintegrated into full-length clones on MluI-SstI (posi-
tions 279 to 751) fragments.

Derivation of Leon and Sabin 3 cDNA clones and construction of S3/472C
(previously 119:786/SGDW), S3/2034C (previously LV3/S), and S3/472C/2034C
(previously L472V3/S) have been described previously (43). S3/472C is identical
to Sabin 3 except for a U-C substitution at nucleotide 472, S3/2034C is identical
to Sabin 3 except for a U-C substitution at nucleotide 2034, and S3/472C/2034C
is identical to Sabin 3 except for U-C substitutions at nucleotides 472 and 2034.
Mutants Leon-UA and Leon-UG are identical to T7/Leon except for a U-C
substitution at positions 472 and (for Leon-UA) a G-A substitution at position
537. They were constructed by partial SstI-SalI fragment exchanges between the
relevant Leon/Lansing mutant and T7/Leon full-length clones. Mutants shown in
Table 3 were constructed in two steps. M1uI-SstI fragments of relevant Leon/
Lansing mutants were ligated into Sabin 3 clones lacking the SstI-SstI (positions
751 to 1900) fragment. Full-length infectious clones were generated by the
addition of a partial SstI-SmaI (position 2768) fragment.

To make S15/1, the 5� noncoding region of S15 was spliced precisely onto the
coding region of Sabin 1 by PCR mutagenesis. The start of the coding region of
the Sabin 1 clone pT7/S1F (27) was amplified using primers SAC1 (5�-ATCAT
AATGGGAGCTCAGGTTTCA-3�) and AM13 (5�-GAGGTAATCAACTGGG
CAGAA-3�), digested with SacI and AatII, and gel purified. Plasmid pT7/S15
was digested with EcoRI and SacI, and the 0.78-kb fragment containing the T7
promoter and the first 751 nucleotides of the genome was gel purified. These
fragments were ligated together into EcoRI-AatII-digested pT7/S1F to produce
the full-length plasmid clone pT7/S15/1, which contained the entire 5� NCR of
S15 and the coding region and 3� NCR of Sabin 1, as verified by sequencing of
the first 1,200 nucleotides of the genome. As a consequence of the mutagenesis
strategy, a silent T3A change was introduced into the second codon of the
coding region of pT7/S15/1 compared to Sabin 1.

To make S15/2, the 5� noncoding region of T7/S15 was spliced precisely onto
the coding region of Sabin 2 by overlapping PCR. The 5� NCR of pT7/S15 was
amplified with primers NP7 (5�-ACGGGCCCGCGGCCGCTAATACGACTC
ACTATAGGGTTAAAACAG-3�) and NCR2 (5�-GATGAAACTTGAGCGCC
CATT-3�), and the start of the coding region of the Sabin 2 clone pS2 (32) was
amplified with primers SAC2a (5�-ACAATGGGCGCTCAAG-3�) and AM13
(5�-GAGGTAATCAACTGGGCAGAA-3�); the overlapping fragments were
gel purified, mixed, and reamplified with outer primers NP7 and AM13; the
resulting fragment was digested with NotI and SacI, gel purified, and ligated into
NotI-SacI-digested pS2 to produce the full-length plasmid clone pT7/S15/2,
which contained the entire 5� NCR of S15 and the coding region and 3� NCR of
Sabin 2, as verified by sequencing of the first 1,500 nucleotides of the genome.
Other than the exchanged 5� noncoding region, no mutations were introduced
into the Sabin 2 sequence.

Viruses were recovered by transfection of HEp2C monolayers with �2 �g
T7 transcripts (41), followed by incubation at 34°C for 24 to 48 h, by which
time the complete CPE was apparent. Sequences of nucleotides 450 to 550 of
all mutants were confirmed following RNA extraction and reverse transcrip-
tion-PCR (RT-PCR).

FIG. 1. Predicted RNA secondary structure of domain V (nucleo-
tides 471 to 538) of the type 3 vaccine parent, P3/Leon. Arrows show
attenuating nucleotide changes found in the three Sabin vaccine strains
(attenuating bases are in boldface type, followed by the relevant sero-
type in parentheses). Due to slight differences in lengths of the 5�
noncoding regions, nucleotide 480 in Sabin 1 is at position 483 in this
figure, and nucleotide 481 in Sabin 2 is at position 484. The base-paired
stem regions are designated a, b, and c.
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Mutant analysis by PCR and restriction enzyme cleavage. Mutant analysis by
PCR and restriction enzyme cleavage (MAPREC) is a quantitative assay of the
proportion of sequences among a population with a defined nucleotide at a
particular position (4) and is based on restriction endonuclease digestion after
PCR amplification. The method has been applied to the quantitation of the
proportion of type 3 polioviruses with a C at position 472 by PCR amplification
of cDNA with primers that create an MboI restriction site only in PCR fragments
that have a C at position 472. Following radiolabeling, restriction digestion, and
polyacrylamide gel electrophoresis, the ratio of cut PCR product to uncut PCR
product was determined using a two-dimensional beta imager, and the ratio,
along with data for control preparations, was used to calculate the proportion of
the viral population that has a C at position 472.

Assays of passaged Sabin 3 virus stocks described here were performed ac-
cording to the standard operating procedure prepared for the WHO Collabora-
tive Study on MAPREC by K. Chumakov (obtainable from Chief, Biologicals,
WHO Geneva). Briefly, RNA was phenol extracted from virus samples and used
to make cDNA with random hexamers and Moloney murine leukemia virus
reverse transcriptase. cDNAs were denatured at 95°C for 10 s and then amplified
for 40 cycles of 15 s at 95°C, 15 s at 60°C, and 15 s at 72°C using AmpliTaq Gold,
primer pA3 (5�-CAGGCTGGCTGCTGGGTTGCAGCTGCCTGC-3�) (posi-
tions 523 to 484), and primer pS3 (5�-TGAGCTACATGAGAGTGCTCCGGC
CCCTGAATGCGGCTGA-3�) (positions 431 to 470). Aliquots of PCR products
were used as templates for primer extension using �-32P-labeled pA3 and fresh
AmpliTaq Gold at 72°C for 10 min. Aliquots of primer extension reaction
mixtures were digested with MboI and analyzed on 10% polyacrylamide gels.

MAPREC assays of passaged Sabin 1 and Sabin 2 virus stocks were performed
using a modified protocol that avoided radiochemicals and employed agarose gel
electrophoresis for high throughput. Viral RNA was extracted using High Pure
Viral Nucleic acid kits (Roche), and RT-PCRs were then carried out using the
One-Step RT-PCR kit (QIAGEN), according to the manufacturers’ protocols in
both cases. Amplification was achieved with 40 cycles of 15 s at 95°C, 15 s at 60°C,
and 15 s at 72°C using appropriate primers (see below). After restriction enzyme
digestion, PCR fragments and products were separated on 3% NuSieve 3:1
agarose (FMC BioProducts) gels. Gels were scanned using an AutoChemi Sys-
tem imager (UVP BioImaging Systems) and analyzed using LabWorks software
to calculate proportions of digested and undigested fragments.

Passaged Sabin 1 viruses were amplified with pA1 (5�-ACAGGCCAATCAC
TGGTTTGTGACCACGTG-3�) (positions 511 to 482) and pS1 (5�-CTGCGTT
GGCGGCCTACCTATGGCTAACG-3�) (positions 359 to 387), and fragments
were digested with BsiHKAI, which cuts if there is an A at nucleotide 480, and
(separately) with AvaI, which cuts if there is a G at nucleotide 480 and a U at
nucleotide 476, as found in Sabin viruses. Proportions of viruses with a U-A
mutation at nucleotide 476 (identified by sequence analysis) were calculated by
the subtraction of BsiHKAI from AvaI data. Passaged Sabin 1 viruses were also
amplified with S1M525A (5�-CCCAAAGTAGTCGGTTCCGCCACGT-3�) (po-
sitions 550 to 526) and S1M525S (5�-GAGCCTATTGAGCTACATAAGAAT
C-3�) (positions 420 to 444), and fragments were digested with RsaI, which cuts
if there is an A at nucleotide 525, as found in Sabin 1 viruses. Passaged Sabin 2
viruses were amplified with pA2M2 (5�-GACTTGCGCGTTACGACAAGACAG
TCACTGATTCGCGACCGCCAG-3�) (positions 526 to 482) and pS2M2 (5�-T
AGGACGTTAGATGTGAACAAGGTGTGAAGAGCCTATTGATGTACA
T-3�) (positions 391 to 437), and fragments were digested with AluI, which cuts
if there is a G at nucleotide 481.

Results obtained using the simplified MAPREC protocol were not as accurate
as those obtained from standard MAPREC assays for two reasons: the lower
sensitivity of the imaging system resulted in variation in replica assays of up to
5% for mean values of �50% reversion (data not shown), and the amplification
protocol did not have a step to prevent the formation of heteroduplex fragments
resulting from annealing during the last amplification cycle, so sequences con-
taining the intact restriction enzyme site would tend to be underestimated after
digestion, with the problem being worse with 50:50 mixtures where the maximum
error was estimated at 5%. Neither of these errors was significant for nearly
homogeneous populations, so trends in mutation selection were easily observable
and credible.

Temperature sensitivity. BGM cells were used for temperature sensitivity
assays as previously described (22). L20B cells were used for temperature sen-
sitivity assays as described previously for CM-1 cells (20). Briefly, viruses were
assayed by plaque formation at different temperatures. These assays were con-
trolled by the incubation of inoculated plates in sealed plastic boxes submerged
in water baths whose temperatures fluctuated by �0.01°C. All viruses were
assayed at least twice, and control viruses with known phenotypes were always
included for validation. Results were plotted onto graphs such as that shown in
Fig. 2, and these graphs were used to estimate the temperature (T) at which the

number of PFU were reduced by 1.0 log10 compared to the number of PFU
at 35°C.

Viruses with a Leon/Lansing genomic background were assayed in BGM
cells; Sabin 3, Leon, and mutants of these viruses were assayed in L20B cells
and HEp2C cells. The range of temperatures over which variation in domain
V stability influences viral growth depends on the cell substrate used (20, 22),
being the lowest in L20B cells and the highest in HEp2c cells. For Sabin 3, the
major temperature-sensitive (ts) determinant is found at VP3-91 (29), and
this influences temperature sensitivity at temperatures higher than that of
domain V in L20B cells but approximately the same as that of domain V in
BGM cells and Hep2c cells (A. J. Macadam, unpublished data). Conse-
quently, temperature sensitivity assays of L20B cells can be used to distin-
guish viruses with different mutations in domain V irrespective of the residue
at VP3-91.

Neurovirulence. Viruses were assayed using monkeys by the standard WHO-
approved test for vaccine safety (44), except that fewer animals were used per
virus. Historical data on reference viruses have demonstrated the comparability
between results of tests carried out on different occasions. Neurovirulence in
TgPVR mice was tested by intramuscular injection of Tg66-C57 mice, which are
transgenic for the human poliovirus receptor gene (Macadam, unpublished).
Mice were inoculated in the left hind limb with 50 �l of 10-fold virus dilutions
(eight mice per dose [four males and four females]), monitored twice daily for 14
days, and scored for paralysis. The 50% paralytic dose (PD50) was calculated
using the probit method.

RESULTS

Selection of candidate domain V sequences. (i) Correlates of
attenuation. Previously, we have shown that for genetically
defined strains that differ only in RNA domain V of the 5�
NCR, temperature sensitivity of growth is quantitatively re-
lated to the predicted stability of the folded RNA (20). Tem-
perature sensitivity of growth is measured by the temperature
at which the titer of virus is reduced by 1.0 log10 compared to
that at 35°C. The relationship between temperature sensitivity,
using L20B cells as the substrate, and neurovirulence for the
type 3 strain P3/Leon/37 (the virulent parent of Sabin 3) is
shown in Table 1 and Fig. 2, where the effect of the progressive
weakening of the base pair at positions 472/537 was examined.
Replacement of the wild-type C-G base pair by a weaker U-A

FIG. 2. Correlation of base pair strength of nucleotides 472/537
with temperature sensitivity. Leon and site-directed mutants, which
differed from Leon only at nucleotides 472 and 537, were assayed by
plaque formation at different temperatures in L20B cells. Curves rep-
resent the reductions in numbers of plaques compared to the numbers
of plaques formed at 35°C as a function of temperature. Symbols: },
Leon; F, Leon/UA; Œ, Leon/UG.
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base pair rendered virus growth in L20B cells more sensitive to
high temperatures (T � 39.6°C to 39.0°C) and decreased neu-
rovirulence, as shown by a reduction in the proportion of
clinically affected animals from 4/4 to 6/8 and a decrease in
histological damage from a score of 2.71 to 2.0. Replacement
of positions 472/537 by a U-G base pair, as found in the Sabin
type 3 strain, resulted in a higher level of attenuation, with 4/8
animals affected, a lesion score of 1.78, and a greater temper-
ature sensitivity (T � 38.4°C). Thus, the level of attenuation
conferred by these mutations was directly related to the extent
of secondary structure destabilization. This result confirms that
the attenuation phenotype conferred by the C-to-U substitu-
tion at nucleotide 472 in the type 3 vaccine (44) is due to the
weakness of the resulting U-G base pair at positions 472/537
(compared to the wild-type C-G base pair) rather than the U
substitution per se. It also supports the conclusion that tem-
perature sensitivity as defined here is a correlate of attenuation
(20). Based on these studies, we have used temperature sen-
sitivity in appropriate tissue culture assays as a guide to the
level of attenuation of mutant strains.

(ii) Adjustment of domain V stability. Viruses were con-
structed with mutations designed to alter the thermodynamic
stability of domain V. This was achieved by a combination of
replacing C-G base pairs with U-A or A-U base pairs to lower
thermodynamic stability and replacing U-G base pairs with
U-A base pairs to raise it. To allow a comparison with previous
studies (20), mutations were first introduced into the genome
of the hybrid virus Leon/Lansing (L3L2), in which the 5� non-
coding region of the mouse-adapted type 2 poliovirus Lansing
was replaced by modified versions of the 5� noncoding region
of P3/Leon. The mutants constructed and their ts phenotypes
are shown in Table 2.

As previously reported (20) and consistent with the data
shown in Table 1, mutant L1, possessing a U-A base pair at
positions 472/537, had a ts phenotype (T � 39.1°C) that was
intermediate between viruses with base pairs corresponding to
those of the wild type (C-G) (T � 39.4°C) and Sabin 3, mutant
L2 (U-G) (T � 38.7°C). Further weakening of the domain V
structure of mutant L1 by mutation of other C-G base pairs to
U-A or A-U base pairs in addition to the substitution of U-A
for C-G at bases 472/537 resulted in increased temperature
sensitivity of growth. Mutant L5 possessed a U-A base pair at
positions 478/533, mutant L8 possessed a U-A base pair at
positions 481/530, and mutant L10 possessed an A-U base pair
at positions 482/529 in place of the wild-type C-G or G-C base
pair. All showed a 1-log drop in titer at 38°C, whereas mutant
L2, the strain with the same domain V structure as the Sabin
type 3 vaccine strain, showed a 1-log drop in titer at 38.7°C for

mutant L2, the strain with the same domain V structure as the
Sabin type 3 vaccine strain. It was therefore considered likely
that they would be more attenuated in vivo and potentially less
immunogenic than Sabin 3, so that it was necessary to modify
the structure further to strengthen it to a small degree. The
U-G base pair at positions 480/531 was therefore converted to
a stronger U-A base pair. This base pair was chosen for mod-
ification, as any U-G base pair could, in principle, mutate to a
C-G base pair upon replication, thus significantly increasing
the stability of the structure with a concomitant increase in
virulence. The U-A base pair that was introduced could mutate
to a C-G base pair only via the weaker and therefore more
attenuating U-G base pair or by two simultaneous mutations.
The viruses derived from L5, L8, and L10 by modifying base
531 were L14, L15, and L16, respectively, and all were of the
same ts phenotype as L2, with the strain having the Sabin type
3 vaccine strain 5� noncoding region (T � 38.7°C). It was
therefore predicted that the introduction of four base changes
in the Sabin type 3 sequence, namely, G to A at positions 537
and 531 with a G-C or C-G to U-A or A-U change at positions
478 to 533, 481 to 530, or 482 to 529, would give a virus with the
same degree of attenuation as the Sabin type 3 vaccine strain
itself.

(iii) Attenuation phenotypes. The mutations in domain V of
mutants L14, L15, and L16 were introduced into a Sabin 3
genomic background, and viruses were assayed for tempera-
ture sensitivity in L20B cells. ts phenotypes of strains S14, S15,
and S16 were all similar to that of Sabin 3 (Table 3). Mutants
S15 and S16 were tested for neurovirulence in monkeys, and
results are shown in Table 4, along with results for the cloned
Sabin 3 strain. As predicted, the attenuation phenotypes of
strains S15 and S16 were not statistically different from that of
Sabin 3. No animals were paralyzed by any of the viruses. The
mean lesion score of strain S15 (0.61) was almost identical to
the score for Sabin 3 (0.63). Strain S16 had a lower mean lesion

TABLE 1. Correlation of base pair 472/537 with
neurovirulence and temperature sensitivity

Virus
Base pair at
nucleotides

472/537

Ta

(°C)

Clinical score (no. of
paralyzed animals/

total no. of animals)

Mean
lesion

score (SD)

Leon C/G 39.6 4/4b 2.71 (0.23)b

Leon-UA U/A 39.0 6/8 2.0 (0.51)
Leon-UG U/G 38.4 4/8 1.78 (0.27)

a Temperature at which numbers of PFU were reduced by 1.0 log10 relative to
the number of PFU at 35°C in L20B cells.

b Results were from obtained from the work of Westrop et al. (43).

TABLE 2. Sequence and temperature sensitivity of domain V mutants

Virus Sequence of domain V Ta

(°C)

Stem a Stem b

471 473 477 483
Leon/Lansing U C C .... C C A U G G A 39.4

A G G .... G G U G C C U
538 536 534 528

L3L2 472/537 UA
(mutant L1) U 39.1

A
L3L2 472/537 UG

(mutant L2) U 38.7
G

Mutant L5 U U 38.0
A A

Mutant L8 U U 38.0
A A

Mutant L10 U A 38.0
A U

Mutant L14 U U U 38.7
A A A

Mutant L15 U U U 38.7
A A A

Mutant L16 U U A 38.7
A A U

a Temperature at which the number of PFU was reduced by 1.0 log10 relative
to the number of PFU at 35°C in BGM cells.
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score of 0.42, but the difference was not significant. These
results must be viewed in light of the limited number of ani-
mals used; small differences between attenuated viruses cannot
be detected reliably without larger-scale tests. While there is
variation between vaccine strains and vaccine lots, polio vac-
cines typically produce lesion scores of less than 1.0, so on the
basis of these results, both strains S15 and S16 would be ex-
pected to pass the WHO monkey neurovirulence test for vac-
cine safety (44).

Candidate strains of all three serotypes. The entire 5� non-
coding region of Sabin 1 was replaced exactly with that of
strain S15 to create S15/1, and the entire 5� noncoding region
of Sabin 2 was replaced exactly with that of strain S15 to create
S15/2. This approach was predicted to generate genetically
stable strains of all three serotypes that, if administered to-
gether, would not be able to revert to virulence by recombina-
tion in the 5� NCR. The choice of the S15 sequence over that
of S16 was arbitrary. RNA transcripts from resultant cDNA
clones were highly infectious, causing a complete CPE in
Hep2C monolayers after 24 to 48 h. Viruses were sequenced
through the 5� NCR and part of VP4 to verify their identity
before biological characterization was carried out.

(i) Temperature sensitivity phenotypes. In L20B cells, the ts
phenotypes of Sabin 1 and Sabin 2 are due mainly to attenu-
ating determinants in the 5� noncoding region (Macadam, un-
published). In these cells, the ts phenotypes of strain S15/1
(T � 38.2°C) and Sabin 1 (T � 38.1°C) were similar (Fig. 3A),
suggesting that the 5� noncoding regions of Sabin 1 and Sabin
3 are equivalent at least with respect to this property. In L20B
cells, the ts phenotype of S15/2 (T � 38.2°C) was expressed at
a higher temperature than that of Sabin 2 (T � 37.7°C) (Fig.
3B), suggesting that the 5� noncoding region of Sabin 2 has a
stronger influence on this property than that of Sabin 3, con-
sistent with the finding that this region contains the major
determinant(s) of temperature sensitivity of Sabin 2 in other
cell lines as well (22). In HEp2C cells, the phenotypes of Sabin
1 and S15/1 were similar (T � 39.1°C), as were those of Sabin
2 and S15/2 (T � 39.8°C and 39.7°C, respectively) (Fig. 3). In
these cells, determinants in the coding regions (which are the
same for each pair of viruses) control ts phenotypes (22; Mac-
adam, unpublished).

(ii) Attenuation phenotypes. Strains S15/1 and S15/2 were
tested for neurovirulence in monkeys and TgPVR mice, and
results are shown in Table 4. Strain S15/1 was equivalent to
Sabin 1 in both animal models: no monkeys were paralyzed by
either virus, and histological lesion scores were not statistically
different (0.71 for S15/1 and 0.63 for Sabin 1; P � 0.68); PD50

values were also similar (7.8 log10 for S15/1 and 7.6 log10 for

Sabin 1). These results are consistent with the similar ts phe-
notypes of the two viruses in L20B cells described above, again
suggesting the equivalence of the 5� noncoding regions of
Sabin 1 and Sabin 3.

The type 2 strain S15/2, however, was appreciably less atten-
uated than Sabin 2 in both models. While no monkeys were
paralyzed by either virus, the histological lesion score for S15/2
(0.8) was significantly higher than that of Sabin 2 (0.27) (P �
0.02). The PD50 value for S15/2 (7.5 log10) was substantially
lower than that of Sabin 2 (�8.9 log10). This suggests that the
5� NCR of Sabin 2 is more strongly attenuating than the 5�
NCR of S15 and, hence, that of Sabin 3. This result is consis-
tent with the results of temperature sensitivity assays of L20B
cells described above, which showed that the 5� NCR of Sabin
2 had a stronger effect than that of Sabin 3 on this phenotype
as well. Sabin 2 is more attenuated than Sabin 3 (Table 4), and
while the two attenuating determinants of Sabin 3 are of com-
parable strengths (Table 5), the 5� NCR of Sabin 2 contains
stronger determinants of attenuation than the rest of the ge-
nome (23). The attenuation phenotype of S15/2 in TgPVR
mice is similar to that of Sabin 1, suggesting that this virus may
be sufficiently attenuated to be considered for use as a vaccine.
The mean histological lesion score of S15/2 in the monkey
neurovirulence test is at the upper end of the range of scores
usually observed for any vaccine but is not statistically different
from that of Sabin 1 (P � 0.37). Indeed, none of the strains
S15, S15/1, and S15/2 gave statistically different lesion scores
from each other (P � 0.61 to 0.78).

Genetic stability. (i) Type 3 viruses. In order to compare the
stabilities of strains S15 and S16 with that of Sabin 3, cell
culture models that favored rapid reversion at nucleotide 472
were used. The temperature-sensitive phenotype resulting from
mutations in domain V is most strongly expressed in L20B cells
(20). Therefore, Sabin 3 and strains S15 and S16 were passaged
in L20B cells at 37°C using a multiplicity of infection of 10.
Viral RNA was extracted from fifth-passage stocks and se-
quenced through the 5� NCR after RT-PCR. The degree of
reversion from a U to a C at position 472 in Sabin 3 was
determined by MAPREC assay (4). Over 50% of the Sabin 3
virus population had a C at nucleotide 472 by passage 3, and by
the fifth passage, almost 85% had a C at nucleotide 472, as
shown in Fig. 4. No other nucleotide changes were observed in
the 5� NCRs of passaged Sabin type 3 viruses. As expected, no

TABLE 3. Temperature sensitivities of Sabin 3 and mutants

Virus Domain V sequence Ta

(°C)

Sabin 3 Vaccine-like (as mutant L2b) 37.2
Strain S14 As mutant L14b 37.0
Strain S15 As mutant L15b 37.3
Strain S16 As mutant L16b 37.1

a Temperature at which the number of PFU were reduced by 1.0 log10 relative
to the number PFU at 35°C in L20B cells.

b See Table 2.

TABLE 4. Neurovirulence of vaccines and new strains

Virus TgPVR micea

PD50 (log10)b

Cynomolgous macaques

Clinical score (no. of
paralyzed animals/

total no.)

Mean lesion
score (SD) P valuec

Sabin 3 �8.9 0/10 0.62 (0.66)
S15 �9.1 0/4 0.61 (0.63) 0.96
S16 NDd 0/4 0.42 (0.25) 0.41
Sabin 2 �8.9 0/4 0.27 (0.12)
S15/2 7.5 0/4 0.80 (0.26) 0.02
Sabin 1 7.6 0/6 0.63 (0.28)
S15/1 7.8 0/4 0.71 (0.29) 0.68

a Tg66-C57.
b Intramuscular route.
c Student’s t test.
d ND, not determined.
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nucleotide changes were observed in 5� NCRs of the fifth-
passage stocks of strain S15 or S16.

In a neurovirulence test, the fifth L20B-passaged stock of
Sabin 3 was significantly more virulent than the vaccine strain,
as shown by both numbers of clinically affected animals and
histological lesion scores (Table 5). The results for S3/472C,
which differs from the Sabin type 3 strain only by possessing a
C in place of a U at base 472, were consistent with the view that
the virulence of the passage 5 stock was due largely to rever-
sion at nucleotide 472 (U3C). The results for the fifth-passage
stocks of strains S15 and S16, however, were very similar to
those for original stocks and the unpassaged vaccine strain
(Table 5). Thus, under conditions that rapidly selected neuro-
virulent variants of Sabin 3, the attenuation phenotypes of
strains S15 and S16 were stable.

The African green monkey kidney cell line Vero has been
used in the production of oral polio vaccine and expresses the
ts phenotype due to domain V mutations less strongly than the
L20B cell line. When Sabin 3 was passaged in Vero cells at
37°C, reversion of Sabin 3 at nucleotide 472 was much slower
than in L20B cells (Fig. 4), although by the 10th passage, over
60% of the Sabin 3 virus population had a C at nucleotide 472
(Fig. 4). No other nucleotide changes were observed in the 5�
NCR of this virus. As expected, no nucleotide changes were

observed in the 5� NCR of strains S15 and S16 passaged in the
same way.

The second major attenuating mutation in Sabin 3 is in the
capsid proteins (nucleotide 2034, C-U; VP3-91, S-F). Sequenc-
ing of entire P1 regions of all three strains after 10 passages on
Vero cells at 37°C showed that there was no reversion at
nucleotide 2034, but each strain had had a single, different,
point mutation in the capsid proteins, which resulted in a
coding change. These changes were found at VP3-85 (L3F) in
Sabin 3, VP1-265 (V3I) in S15, and VP3-19 (H3Y) in S16.
MAPREC analyses indicated that these changes were all se-
lected at similar rates during passage in Vero cells (data not
shown). At the same time, all three strains lost the ts phenotype
in Hep2C cells (data not shown), which is due to VP3-91 F
(29). Reversion of this phenotype by second-site mutation in
the capsid proteins is common (19, 29), and while the partic-
ular mutations found here have not been identified in previous
studies, it is likely that they were responsible for the suppres-
sion of the VP3-91F phenotype.

After 10 passages in Vero cells at 37°C, the neurovirulence
of Sabin 3 had increased dramatically. Four out of five animals
were paralyzed, and the mean lesion score had increased to
1.95 (Table 5). The neurovirulence phenotype of this virus
stock was similar to that of S3/472C/2034C (Table 5), consis-

FIG. 3. Temperature sensitivities of type 1 and type 2 strains in different cells. Viruses were assayed by plaque formation at different
temperatures in L20B cells (filled symbols) and Hep2C cells (open symbols), and results were plotted on graphs showing the reduction in the
numbers of PFU at each temperature compared to the numbers of PFU at 35°C. (A) Triangles, Sabin 1; squares, S15/1. (B) Triangles, Sabin 2;
squares, S15/2.

TABLE 5. Neurovirulence before and after passage in L20B and Vero cells

Virus

Unpassaged L20B passage 5 Vero passage 10

Clinical score (no. of
animals paralyzed/

total no. of animals)

Mean lesion
score (SD)

Clinical score (no. of
animals paralyzed/

total no. of animals)

Mean lesion
score (SD)

Clinical score (no. of
animals paralyzed/

total no. of animals)

Mean lesion
score (SD)

Sabin3 (S3) 0/10 0.62 (0.66) 1/4 1.92 (0.26) 4/5 1.95 (0.13)
Strain S15 0/4 0.61 (0.63) 0/4 0.53 (0.37) 0/5 1.41 (0.42)
Strain S16 0/4 0.42 (0.25) 0/4 0.68 (0.34) 0/5 0.88 (0.27)
S3/472C a 0/4 1.58 (0.49)
S3/2034C a 1/8 1.45 (0.60)
S3/472C/2034C a 3/4 2.07 (0.42)

a Results were obtained from data reported previously by Westrop et al. (44).
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tent with sequence and ts data indicating reversion of both
attenuating mutations in Sabin 3. In contrast, the neuroviru-
lence phenotypes of strains S15 and S16 had changed much
less after 10 passages in Vero cells at 37°C. No animals were
paralyzed by either virus stock (Table 5). The 10th Vero cell-
passaged stock of strain S15 had a higher mean lesion score
than that of the unpassaged parent, and this was consistent
with the reversion of the attenuating 2034U mutation sug-
gested by sequence and ts data (the mean lesion score was
close to that of S3/2034C). The 10th Vero-passaged stock of
strain S16 had a mean lesion score that was slightly higher than
that of the unpassaged parent. Again, the increase is consistent
with a partial reversion of the attenuating 2034U mutation, as
indicated by sequence and ts results. Thus, for both strain S15
and strain S16, the attenuation due to mutations in domain V
appeared to be completely stable under conditions that se-
lected for the reversion of 472U3C in the majority of the
Sabin 3 virus population.

The human diploid cell line MRC-5 has also been used in
the production of oral polio vaccine. Under the conditions of
passage used, no reversion of nucleotide 472 was observed in
the Sabin type 3 strain over 10 passages (Fig. 4).

(ii) Type 2 viruses. Results for type 3 strains showed that
passage in L20B cells and Vero cells at 37°C resulted in the
selection of reversion of attenuating mutations in Sabin 3.
Therefore, type 2 strains were passaged under the same con-
ditions. Nucleotide changes in domain V of Sabin 2 were mon-
itored by sequencing and MAPREC, and the stability of do-
main V of S15/2 was assessed by sequencing.

The major attenuating mutation in the 5� NCR of Sabin 2 is
an A at nucleotide 481 (Fig. 1), and an A3G mutation at this
position, which results in a significant loss of attenuation (23,
34), was rapidly selected during passage of Sabin 2 in both
L20B cells and Vero cells at 37°C. By the third passage in L20B
cells, over 60% of the Sabin 2 population had a G at nucleotide
481, and after four passages, selection was almost complete
(Fig. 5A). In Vero cells, over 60% of the Sabin 2 population

had a G at nucleotide 481 after five passages, and selection was
essentially complete after eight to nine passages. No nucleo-
tide changes were observed in domain V of strain S15/2 after
10 passages in either L20B cells or Vero cells.

In a neurovirulence test, the 10th Vero cell-passaged stock
of Sabin 2 was significantly more virulent than the vaccine
strain, as shown by both numbers of clinically affected animals
and histological lesion scores (Table 6). Scores were similar to
those of S2/117 5�, a cDNA-derived virus differing from Sabin
2 only at nucleotide 481 (A3G) and nucleotide 437 (U3C)
and therefore consistent with the observed sequence change at
nucleotide 481 in S15/2. The results for the 10th Vero cell-

FIG. 4. Stability of 472U in Sabin 3 upon passage in different cell
lines. Sabin 3 was passaged 10 times in different cells at 37°C, and the
472C content was then measured by PCR and restriction endonuclease
digestion (MAPREC). Symbols: }, L20B cells; F, Vero cells; Œ

MRC-5 cells. L20B cells are mouse L cells expressing the human
poliovirus receptor. Vero cells and MRC-5 cells are used for vaccine
production.

FIG. 5. Stability of attenuating mutations in domain V of Sabin 2
and Sabin 1 upon passage in different cell lines. Viruses were passaged
10 times in different cells at 37°C, and mutant proportions were then
measured by PCR and restriction endonuclease digestion (MAPREC).
(A) Mutation at nucleotide 481 in Sabin 2 during passage in L20B cells
(Œ) and Vero cells (■ ). (B) Mutation in Sabin 1 during passage in
Vero cells at nucleotide 480 or 525 (Œ) and at nucleotide 476 (■ ).
(C) Mutation in Sabin 1 during passage in L20B cells at nucleotide 480
or 525 (Œ) and at nucleotide 476 (■ ).
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passaged stock of strain S15/2, however, were very similar to
those for original stocks (Table 6). No animals were paralyzed,
and the mean histological lesion score showed only a small
increase. Thus, under conditions that rapidly selected neuro-
virulent variants of Sabin 2, the attenuation phenotype of
strain S15/2 was relatively stable.

The 10th L20B cell-passaged stock of Sabin 2 was also sig-
nificantly more virulent than the vaccine strain, in line with the
observed mutation at nucleotide 481. In a neurovirulence test
of this virus stock, three out of four animals were sacrificed,
and all four animals had complete paralysis in at least one limb
(Table 6). The histological lesion score (1.76) was as high as
that for strain 117, a neurovirulent virus from a case of vaccine-
associated paralysis (32). In contrast to the results using Vero
cells, passage of strain S15/2 in L20B cells resulted in signifi-
cantly increased neurovirulence, as indicated by higher paral-
ysis rates and higher histological lesion scores (Table 6). In
light of the sequencing data showing the stability of the domain
V sequence of S15/2 throughout this passage, the observed
increase in virulence must have been due to mutations outside
this region.

The clinical score for strain S15/2 after 10 L20B passages
was lower than that of Sabin 2 after similar passage (1/3 sac-
rificed and 3/4 paralyzed versus 3/4 sacrificed and 4/4 para-
lyzed) (Table 6), although the histological scores for the two
viruses were similar. Along with the results for the Vero cell
passage of type 2 strains, this suggests that the genetic sta-
bility of domain V of S15/2 resulted in greater stability of the
attenuation phenotype compared to Sabin 2, although the
effects were not as dramatic as those for the type 3 strains
S15 and S16.

(iii) Type 1 viruses. Type 1 strains Sabin 1 and S15/1 were
passaged in L20B cells and Vero cells in the same way as the
type 2 and type 3 strains. Nucleotide changes in domain V of
Sabin 1 were monitored by sequencing and MAPREC as-
says, and the stability of domain V of S15/1 was assessed by
sequencing.

Three different mutations in domain V of Sabin 1 are se-
lected during replication in the gut (5, 30), all of which
strengthen base pairing: G3A at position 480, U3C at posi-
tion 525, and U3A at position 476. Nucleotides 480 and 525
form a base pair (positions 483/528 in Fig. 1), so mutations
occur at one or the other position in a virus but not at both
positions. In Vero cells, mutations at all three positions were
selected in Sabin 1 at a steady rate (Fig. 5B), so that after six
passages, half of the virus population had a mutation at either
nucleotide 480 or 525 and more than 40% of the virus popu-
lation had a mutation at nucleotide 476 (assays did not provide
information on the proportions that had zero, one, or two
mutations). During the last four passages, the proportion of
the virus population that had a mutation at either nucleotide
480 or 525 increased to approximately 100% (mainly due to a
mutation at nucleotide 480) (data not shown), while the pro-
portion of viruses with mutations at nucleotide 476 declined
slightly. Mutations at all three positions were also selected in
Sabin 1 during passage in L20B cells, although, in contrast to
results using Vero cells, mutations at nucleotide 476 were
selected at a higher rate than those at nucleotides 480 and 525
(Fig. 5C), so that after six passages, approximately 60% of the
virus population had a mutation at nucleotide 476 and 30%
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had a mutation at either nucleotide 480 or 525. During the
eighth passage, the proportion of mutations at each position
declined, suggesting that strong selection was occurring at
another position(s) in the genome. Thereafter, selection of
mutations at nucleotide 476, but not at nucleotide 480 or
525, continued. No nucleotide changes were observed in
domain V of strain S15/1 after 10 passages in either L20B
cells or Vero cells.

In light of the evidence from MAPREC assays showing that
several lineages of viruses were evolving during the passages of
the type 1 viruses, neurovirulence tests were carried out on
virus stocks obtained after 6 as well as after 10 passages. After
six passages in Vero cells, the virulence of Sabin 1 had in-
creased, in terms of both numbers of clinically affected animals
and histological lesion scores, to a level similar to that of
S1/480A, a site-directed mutant of Sabin 1 with a G3A sub-
stitution at nucleotide 480 (Table 6), consistent with the
MAPREC results showing that at least 50% of the viruses in this
virus stock had mutated at nucleotides 480 or 525 and at least
40% had mutated at nucleotide 476 (Fig. 5B). Under these con-
ditions, the virulence of strain S15/1 had not increased: no ani-
mals were paralyzed, and the lesion score was slightly lower than
that of the original stock (Table 6). After a further four passages,
the virulences of both viruses had increased in terms of histolog-
ical lesion scores, reflecting (for S15/1 at least) the accumulation
of mutations at positions outside domain V. The 10th Vero cell-
passaged stock of Sabin 1 was, however, more neurovirulent than
that of S15/1 by both measures, consistent with the additional
mutations in domain V of Sabin 1 (Fig. 5B).

After six passages in L20B cells, both Sabin 1 and S15/1 gave
increased clinical and histological lesion scores in neuroviru-
lence tests, although the increases in both scores were greater
for Sabin 1 than for S15/1 (Table 6). For S15/1, these increases
were the result of mutations in regions outside domain V,
suggesting that passage in L20B cells also exerted selection
pressures on one or more of the other attenuating mutations in
the genome. The differential increase in virulence between the
two viruses is consistent with the observed mutations in do-
main V of Sabin 1 (Fig. 5C) compared to the genetic stability
of domain V of strain S15/1. During four additional passages in
L20B cells, the neurovirulence of both viruses increased fur-
ther in terms of paralysis rates and histological lesion scores
(Table 6) as a result of the selection of mutations outside
domain V: the sequence of domain V of S15/1 was completely
stable throughout the passages, the proportion of viruses in the
10th L20B cell-passaged stock of Sabin 1 with mutations at
nucleotide 476 was similar to that in the 6th-passage stock, and
the proportion of viruses with mutations at nucleotide 480 or
525 had decreased (Fig. 5C). These results showed that the
genetic instability of domain V of Sabin 1 was only one of the
factors in the observed reversion to virulence during cell cul-
ture passage, and consequently, the genetic stability of domain
V of S15/1 was only marginally advantageous in this respect.

DISCUSSION

For all three serotypes of Sabin polio vaccine strains, atten-
uating mutations have been identified in the 5� noncoding
region of the genome, and the direct effect of these mutations
is on the RNA secondary structural stability of part of this

region known as domain V. The work described here was
based on the premise that the overall stability of domain V
rather than any particular base or base pair dictates the level of
virulence and the observation that during replication, polio
vaccines incorporate changes that strengthen base pairing and
thereby regain virulence. Results demonstrated that it was
possible to manipulate the sequence of domain V to alter viral
virulence in a predictable way and at the same time increase
genetic stability to the extent that reversion was at undetect-
able levels.

The ability to control these two key features of a live-virus
vaccine is unprecedented and could theoretically lead to the
generation of improved polio vaccines. However, at this stage
in the eradication of poliomyelitis, what is required in a live
vaccine is complete genetic stability rather than improvement,
however significant, and complete stability cannot be achieved
for two reasons: domain V is not the only region containing
determinants of attenuation, so reversion at other positions
can in time produce highly virulent viruses (as observed during
cell culture passage here), and recombination between mem-
bers of the group C enteroviruses is now known to be so
frequent in humans (3, 9, 18) that the exchange of the stabi-
lized region would be very likely if not inevitable if the viruses
circulated to any extent.

A number of strains that potentially have more stable atten-
uation phenotypes than the Sabin strains have been described
previously (10, 12, 16, 39), and all but one were derived by the
deletion or substitution of (large) stretches of nucleotides in
the 5� NCR (21). All strains were attenuated when tested in
monkeys and/or TgPVR mice, and attenuation phenotypes of
some of these strains might be more genetically stable than
those of the Sabin strains, but this has not been tested.

The type 3 viruses described in this paper are derived from
the existing Sabin type 3 vaccine strain, from which they differ
by four mutations at most, and were designed according to our
current understanding of the molecular basis of its attenuated
phenotype (24, 28). They were constructed to be genetically
stable and to display a level of attenuation in the neuroviru-
lence assay comparable to that of the existing Sabin strain.
Theoretically, vaccines prepared from such strains would have
a greatly reduced potential for reversion to virulence, since
reversion would depend on the simultaneous change of several
nucleotides in stem-loop V, compared to only a single change
in Sabin 3. For the S15 and S16 strains, two base pair rever-
sions and a single point mutation would be required to revert
to the wild-type (P3/Leon) sequence. With a mutation fre-
quency of approximately 10�5/nucleotide (17, 37), chances of
this combination of mutations occurring in a single genome
would be 1020-fold less than the chance of a reversion of U to
C at nucleotide 472 in Sabin 3. Moreover, a reversion to the
wild-type sequence by successive single base changes would be
unlikely, because intermediates would be less fit and unlikely
to establish themselves. Any single mutation in domain V of
strain S15 or S16 would weaken or disrupt base pairs, forming
mismatches such as U-G or A-C, thus generating a more at-
tenuated and temperature-sensitive virus that would be at a
replicative disadvantage compared to the parental strain. Con-
sistent with these predictions, the strains appeared to be ex-
tremely stable when passaged under strongly selective condi-
tions in culture. The 5� noncoding regions of type 1 and type 2
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viruses S15/1 and S15/2 were also extremely stable under these
conditions. Despite this, both strains acquired relatively high
levels of neurovirulence upon L20B cell culture passage, pre-
sumably due to the instability of other attenuating determi-
nants during passage. Mutations in the coding region of the
genome are known to affect attenuation phenotypes of Sabin
strains (2, 23, 34, 43). In another cell line currently used for
vaccine production, reversion of S15/1 and S15/2 was substan-
tially less and/or delayed during passage compared to the type
1 and type 2 Sabin strains, reflecting the genetic stability, or
not, of domain V sequences in these viruses.

Genetic stability of polio vaccines could potentially be fur-
ther improved by increasing the fidelity of the viral RNA poly-
merase. It has recently been shown that a single substitution in
poliovirus 3Dpol (G64S) decreased the rate of mutation three-
to sixfold (42), with dramatic consequences on quasispecies
diversity and tropism in vivo. This is a relatively small reduc-
tion in the mutation rate given the trillions of live vaccine
viruses administered annually worldwide, but it may be possi-
ble to increase polymerase fidelity more significantly, with con-
comitant effects on reversion frequencies at all attenuating
positions.

Given sufficient time, the G64S mutation could itself revert
or, like the genetically stabilized domain V derived from S15,
be removed by recombination with another group C enterovi-
rus, and this could be avoided only by inhibiting transmission.
It has been shown that Sabin 3 strains with a U at nucleotide
472 do not replicate in the human gut for longer than 5 days,
after which time type 3 poliovirus is eliminated or mutants with
a C at nucleotide 472 become established (7). It is therefore
conceivable that viruses such as strains S15, S15/1, and S15/2,
which cannot revert in domain V, would not “take” very effi-
ciently. If this were the case, rates of transmission of S15-
derived strains would also be substantially lower than those of
Sabin strains. As a consequence, such strains might be poorly
immunogenic, requiring the administration of higher doses
than those currently used, but the inefficient “take” would be
an advantage when it came to the cessation of vaccination. If
strains with poor “take” rates were employed as seeds for
inactivated polio vaccine production, the likelihood of virus
“escape” from a production plant would also be reduced, and
the consequences would be less severe after live-virus vaccina-
tion has ceased.

The possibility that poliomyelitis will reemerge at some time
after eradication cannot be ignored. Although inactivated polio
vaccine could be used in such situations, it has been argued that
monovalent OPV strains would be the most rapid and effective
choice, and the use of genetically stabilized strains such as S15,
S15/1, and S15/2 in this situation would have the advantage of
increased safety for vaccine recipients and, potentially, a de-
creased likelihood of reemergence of poliomyelitis after vaccina-
tion is stopped for the second time. The strains described were
not recovered under GMP conditions, but this could be readily
done in principle. Given the limited time available before the
worldwide eradication of wild poliovirus, the questions of funding
and infrastructure for the clinical trials necessary for a new vac-
cine need to be tackled now by manufacturers and regulatory
bodies, with the support of the WHO.
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